Two classes of nad9 transcripts are present at different abundances in the steady-state RNA pool of potato mitochondria. The 5′-and 3′ termini of the transcripts were determined by primer extension and S1 nuclease protection analyses respectively. Using two primer pairs that will either specifically amplify the larger transcript or amplify both the larger and the smaller transcripts in RT-PCR analyses it was found that the larger nad9 transcripts are partially edited, while the smaller transcripts are fully edited. Both the larger and the smaller transcripts were found to be associated with mitochondrial polysomes. The polysome association was found to be sensitive to EDTA and puromycin treatment. Therefore, both fully and partially edited nad9 transcripts appear to be engaged in translation.
INTRODUCTION
Higher plant mitochondrial transcripts are subject to C→U and U→C RNA editing, a process that alters the identities of certain nucleotides of the transcripts (1) (2) (3) . Most of the edited nucleotides are found in the first and second codon positions in protein coding regions, causing amino acid changes in the corresponding protein sequences (4, 5) . Editing of untranslated regions in messenger RNAs (6, 7) and editing of structural RNAs (tRNAs and rRNAs) have also been detected (8, 9) . The plant mitochondrial protein sequences predicted from edited transcripts are more similar to homologous proteins from other organisms than that predicted from genomic DNA sequences. Therefore, RNA editing may play a role in ensuring expression of correct amino acid sequences of plant mitochondrial polypeptides.
Complementary DNA sequence analyses reveal three categories of transcripts with respect to editing extent. In the first category virtually all transcripts are fully edited; partially edited transcripts are either very low in abundance or completely undetectable. An example of this category are the atp9 transcripts from different species (10) (11) (12) (13) . In the second category transcripts are heterogeneous in editing extent; partially edited transcripts are readily detectable and sometimes are more abundant than fully edited ones, e.g. petunia mitochondrial atp6 transcripts (14) and Oenothera and petunia mitochondrial nad3 transcripts (15, 16) . The last category includes transcripts that require splicing or processing for maturation and both mature and precursor transcripts exist in the steady-state RNA pool. In this category mature transcripts are found to be more completely edited, while precursor transcripts are partially edited, e.g. the coxII transcripts of petunia and maize mitochondria (17, 18) and nad3-rps12 transcripts of wheat mitochondria (19) . Such a correlation between transcript maturation and RNA editing extent supports the hypothesis that RNA editing is a post-transcriptional process in plant mitochondria.
It remains to be determined whether partially edited transcripts are editing intermediates that are further edited by the editing machinery in vivo or whether they are end products of the editing process. If partially and fully edited transcripts are equally accessible to the mitochondrial translation machinery, then a population of variant forms of certain mitochondrial proteins are expected to exist as a result of differential RNA editing. Extensive biochemical and immunological studies on petunia mitochondria ATP6 protein have shown that, despite the presence of abundant partially edited transcripts, only a single homogeneous form of ATP6 protein representing fully edited transcripts accumulates in petunia mitochondria (14) . Therefore, at least in this case, expression of partially edited transcripts is prevented either co-translationally or post-translationally.
Potato mitochondrial nad9 transcripts encoding NADH dehydrogenase subunit 9 have been reported to be partially edited (20) . Peptide sequencing analysis of NAD9 protein isolated from assembled potato mitochondrial complex I identified only the 'edited' version of the protein. This result suggests that either translation of nad9 mRNAs is restricted to completely edited transcripts or partially edited transcripts are translated but the protein products are unassembled or are rapidly degraded. Here it is demonstrated that two classes of nad9 transcripts that are possibly precursor and mature transcripts co-exist in potato mitochondria. The two transcripts are edited to different extents, with the larger transcript being partially edited while the smaller transcript is fully edited. It is also shown that both the larger and the smaller transcripts are associated with mitochondrial polysomes. The polysome association is sensitive to EDTA and puromycin treatment. This result suggests that both fully and partially edited nad9 transcripts are engaged in at least the initial steps of translation.
MATERIALS AND METHODS

Mitochondria preparation and nucleic acid isolation
Red potato tubers were bought from a local market. Potato mitochondria were isolated from tubers as described (21) . Total nucleic acids were isolated by lysing mitochondria with lysis buffer (2% SDS, 5 mM Tris-HCl, pH 7.5, 4 mM EDTA) followed by multiple rounds of phenol/CHCl 3 extraction and final precipitation with ethanol.
Reverse transcription-polymerase chain reaction (RT-PCR) analysis of potato mitochondrial nad9 transcripts
RT-PCR was performed as previously reported (22) . The primers used in this study were: P1, TAGTTGGGAGACTTTACCCAAG; P2, TCCGTCGCTACGCTGTTCCC; P3, GTAAATCACTAG-GTAGCC; P4, CTTACGAAGGCAAATAGC. P1 is 26 nt downstream and P3 is 150 nt upstream of the initiation codon. P2 is 62 nt upstream and P4 is 8 nt downstream of the termination codon.
Northern blotting, primer extension and S1 mapping
Approximately 10 µg potato mitochondrial RNA were fractionated on a 1.5% formaldehyde-agarose gel, transferred to nylon membrane and hybridized as described (23, 24) . P2 and P4 primers end-labeled with T4 kinase and nad9 cDNA fragment labeled by random priming were used as hybridization probes. For primer extension T4 kinase labeled P5 oligonucleotide (ACCCATTTCT-TGGGTAAAGTCTCCC) was used to hybridize with potato mitochondrial RNA and extended with M-MuLV reverse transcriptase. Extension products were run on a denaturing polyacrylamide gel together with a dideoxy sequencing ladder and exposed to X-ray film for autoradiography. In S1 mapping experiments either 10 µg potato mitochondrial RNA or 20 µg total RNA were co-precipitated with 0.1 µg end-labeled 118 bp ApoI fragment of the P3/P4 RT-PCR product and resuspended in 30 µl aqueous hybridization buffer (1 M NaCl, 0.16 M HEPES, pH 7.5, 0.33 mM EDTA, pH 8.0). The mixture was heated at 95_C for 5 min, quickly transferred to a 40_C water bath and allowed to hybridize overnight. To the above mixture were added 270 µl S1 nuclease buffer (0.28 M NaCl, 50 mM NaOAc, pH 4.5, 4.5 mM zinc acetate, 20 µg/ml single-stranded salmon sperm DNA, 1000 U/ml S1 nuclease) and the reaction was incubated at 37_C for 60 min. After S1 nuclease digestion the reaction was extracted once with phenol/CHCl 3 and the protected fragments were ethanol precipitated in the presence of 10 µg carrier tRNA. The pellet was resuspended in formamide loading buffer and run on a denaturing polyacrylamide gel. Transcript abundance was compared by densitometric analysis of autoradiograms.
Polysome analysis
Potato mitochondria prepared as described above were lysed with polysome extraction buffer (400 mM KCl, 200 mM Tris-HCl, pH 8.0, 35 mM MgCl 2 , 25 mM EGTA, 200 mM sucrose, 5 mM DTT, 100 µg/ml chloramphenicol, 500 µg/ml heparin, 2% Triton X-100) or polysome extraction buffer (without MgCl 2 ) supplemented with 50 mM EDTA. After incubating for 5 min on ice the extracts were spun in a microcentrifuge for 10 min at 4_C and then loaded onto 15-55% linear sucrose gradients. Ultracentrifugation, fractionation and RNA purification were performed as described (25) . Puromycin treatment of polysome extracts was as described (14) .
RESULTS
Nad9 cDNAs amplified from potato mitochondria by RT-PCR using two primer pairs show different extents of editing
Two primers (P1 and P2) were designed according to the published potato nad9 coding region sequence. When this P1/P2 primer pair was used in RT-PCR analysis of potato mtRNAs the RT-PCR products were found to represent only the fully edited transcripts. Twenty cDNA clones derived from the above RT-PCR products were sequenced and all of them show complete editing (Fig. 1 ). This result is inconsistent with that of Grohmann et al. (20) , who reported that a significant portion of nad9 transcripts were partially edited. Because the primers used here are different from the ones used by those investigators, we decided to perform RT-PCR on the same RNA preparation with the primers they used (primers P3 and P4). Sequence analysis of cDNA clones derived from the P3/P4-amplified RT-PCR products revealed partial editing of the amplified transcripts (Fig. 1) .
To exclude the possibility that the difference in editing extent between the P1/P2 and P3/P4 RT-PCR products observed by sequencing cDNA clones was introduced by sampling errors in either the cloning or colony selection steps we have also directly assayed editing extent by restriction enzyme digestion of RT-PCR products. Two of the editing sites are conveniently located within restriction enzyme recognition sites on nad9 genomic DNA, one in a BglII site (nt 65) and another in an EagI site (nt 301) (Fig. 1) . Therefore, RNA editing events at these sites will destroy corresponding restriction sites in RT-PCR products. Restriction RT-PCR products amplified from potato mtRNA (C) using primer pairs P1/P2 (lanes 1 and 5) or P3/P4 (lanes 3 and 7) and PCR products amplified from potato genomic DNA (D) using P1/P2 (lanes 2 and 6) or P3/P4 (lanes 4 and 8) primers were digested with BglII (lanes 1-4) and EagI (lanes 5-8) and run on a 2% agarose gel. The gel was stained with ethidium bromide and photographed. Molecular size markers are shown on the left.
digests of P1/P2 and P3/P4 RT-PCR products with BglII and EagI showed that the P1/P2 RT-PCR products were fully resistant to enzyme digestion, indicating complete editing, while the P3/P4 RT-PCR products showed partial digestion by both enzymes, indicating partial editing (Fig. 2) .
To verify that cDNAs amplified by all four primers were derived from the same nad9 gene we confirmed by hybridization analysis that nad9 is single-copy in the potato mitochondrial genome (data not shown). The difference in the editing extent of nad9 transcripts amplified by the P1/P2 and P3/P4 primer pairs can, therefore, be explained by selective amplification of partially edited transcripts by P3/P4. One possibility is that these two primers selectively amplify precursor nad9 transcripts. Precursor transcripts of some other plant mitochondrial transcripts have been found to be partially edited. To test whether there was a size difference between the transcripts amplified by the two sets of primers we performed RNA blot analyses of potato nad9 transcripts.
Hybridization analyses identify two classes of nad9 transcripts
Blots of potato mitochondrial RNA were probed with end-labeled P2 and P4 oligonucleotides. End-labeled P2 hybridized to one predominant smaller transcript and to another lower abundance larger sized transcript of ∼1.8 kb (Fig. 3A) . However, when the same blot was probed with end-labeled P4 only the larger transcript was detected (Fig. 3B) . Therefore, the priming site for P4 is missing in the smaller transcript. When a labeled nad9 cDNA fragment was used as probe it also detected the two transcripts hybridizing to oligonucleotide P2 (Fig. 3C) . Densitometry revealed that the smaller transcript is ∼5-fold more abundant than the larger transcript.
Primer extension and S1 mapping analysis of nad9 transcripts RNA hybridization data using the P2 and P4 probes indicates that the 3′-end of the smaller transcript lies between the P2 and P4 primer sequences. To precisely map the 3′-end of the small transcript we performed an S1 nuclease mapping experiment using as probe a 118 bp ApoI fragment of the P3/P4 RT-PCR product. The ApoI site is within the coding region, 93 nt upstream of the termination codon. When both mitochondrial RNA and total RNA were used to hybridize with the probe two fragments of 99 and 97 nt were protected from S1 nuclease digestion (Fig. 4A) . This delimits the 3′-ends of the smaller transcript immediately upstream of the P4 priming site and only 44 and 46 bases downstream of the translation stop codon. In addition to the 99 and 97 base fragments, the full-length probe was also protected (Fig. 4A) . Because a small amount of full-length probe, but not the 99 and 97 nt fragments, can be detected in the control lane using E.coli tRNA as template source, we deem that a portion of the full-length probe signal seen in lanes 1 and 2 is due to probe self-annealing, while the majority of the signal is protected by the larger transcript. The signal representing fully protected transcript appears as a doublet, probably because of DNA-RNA hybrid 'breathing' of the 180 bp hybrid. Because a genomic DNA clone covering the potato nad9 locus is unavailable, the 3′-end of the larger transcript has not been precisely mapped.
The 5′-ends of nad9 transcripts were mapped using primer extension assay. As shown in Figure 4B , two transcript termini, 254 and 367 nt upstream of the translation initiation codon, were identified. The -254 5′-end in combination with the mapped 3′-ends gives a transcript size of ∼860 nt, which is about the size of the smaller transcript (shown in Fig. 3 on the RNA blot), therefore, they presumably represent the 5′-and 3′-ends of the smaller transcript. The -367 5′-terminus probably represents the 5′-terminus of the larger transcript.
It is likely that the smaller nad9 transcript is a processing product of the larger precursor transcript, but the possibility that they are derived from alternative transcription initiation and termination events cannot be ruled out from our data. Because the larger transcript is the only one that can be amplified by the P3/P4 primer pair, it must be partially edited. The P1/P2 primer pair should be able to amplify both classes of transcripts, but only fully edited RT-PCR products were detected. This result suggests that the smaller transcripts are fully edited. Because the smaller transcript is 5-fold more abundant than the larger transcript and because partially edited transcripts constitute only a portion of the larger transcripts, the proportion of RT-PCR products derived from partially edited transcripts in P1/P2-amplified RT-PCR 2) or E.coli tRNA (lane 3) and digested with S1 nuclease. The protected fragments were separated on a 6% denaturing polyacrylamide gel together with a dideoxy sequencing ladder (GATC) for sizing. The sizes of the protected fragments are shown on the right. (B) Primer extension analysis for mapping transcript 5′-ends. T4 kinase end-labeled P5 primer were used to extend potato mtRNA as described. Extension product was run on a 6% denaturing polyacryalmide gel together with a dideoxy sequencing ladder. The sizes of the extension products are shown on the right. 423 and 310 correspond to -367 and -254 in the transcript. product were so low that they were undetectable by the restriction digestion assay or by sequencing a limited number of cDNAs.
Polysome analysis shows that both fully edited and partially edited transcripts are associated with mitochondrial polysomes
To test whether partially edited nad9 transcripts are associated with the potato mitochondrial translation machinery and therefore could be expressed at the protein level we analyzed potato mitochondrial polysomes. Potato mitochondrial extracts prepared under conditions that preserve intact polysomes were separated on analytical sucrose gradients and RNAs purified from each fraction of the gradients were probed with a nad9 gene-specific probe. As shown in Figure 5A , under the conditions used both the smaller and the larger transcripts run deep into the sucrose gradient, suggesting that they are associated with large complexes.
To test whether nad9 transcripts are associated with polysomes we performed a control experiment by treating the mitochondrial extract with 50 mM EDTA before ultracentrifugation. It is known that the intactness of ribosomes depends on Mg 2+ and that EDTA treatment chelates Mg 2+ and therefore dissociates the large and small ribosome subunits and releases transcripts associated with the ribosomes. As shown in Figure 5B , EDTA treatment released both the smaller and the larger transcripts from the high density fractions (fractions 6-10). In another control experiment in which the mitochondrial extracts are treated with puromycin before being centrifuged on sucrose gradients both the larger and the smaller nad9 transcripts were also released from the high density fractions and stayed in the top fractions (Fig. 5D) . The larger and smaller nad9 transcripts from an identical sample not treated with puromycin continued to sediment into high density sucrose fractions (Fig. 5C) . Escherichia coli and Chlamydomonas reinhardi chloroplast ribosomes could be dissociated into their subunits upon high salt puromycin treatment (26, 27) . Therefore, the sensitivity of the sedimentation of the larger and smaller nad9 transcripts to treatment with EDTA and puromycin strongly suggests that they are both associated with mitochondrial polysomes.
To confirm that the larger nad9 transcripts found in the high density fractions of the sucrose gradients are partially edited, RNAs purified from those fractions were analyzed by RT-PCR followed by restriction digestion as described earlier. According to the EDTA release experiment ( Figs 5A and B) , transcripts found in low density fractions 1-4 are free of ribosomes, while transcripts found in high density fractions 5-10 are associated with ribosomes. We therefore amplified the larger nad9 transcripts from fractions 5-10 by RT-PCR using the P3/P4 primer pair and digested the PCR products with BglII enzyme. As shown in Figure 6 , both edited and unedited nad9 transcripts were detected in all the high density sucrose fractions. The ratios of edited to unedited transcripts in all the fractions were comparable with the ratio found in total RNA (Fig. 2) , suggesting that there is no discrimination by the mitochondrial ribosomes in translating fully edited and partially edited nad9 transcripts.
DISCUSSION
RNA editing in non-plant systems has been found to regulate gene expression. For example, in mammalian genes in which RNA editing occurs both edited and unedited transcripts have been found to encode proteins (28) (29) (30) (31) . The existence of partially edited transcripts of multiple plant mitochondrial genes raises the possibility that regulation of the extent of RNA editing could generate multiple forms of certain gene products. In this study we have demonstrated that in potato mitochondria partially edited nad9 transcripts are confined to low abundance, possibly precursor transcripts, while the majority of nad9 transcripts are fully edited. Moreover, we have shown that both the fully edited and partially edited transcripts are associated with mitochondrial polysomes. Therefore, this result suggests that partially edited nad9 transcripts are engaged in at least the initial steps of translation.
Although the P1 and P2 primers should amplify both the larger, partially edited transcripts and the smaller transcripts, all 20 clones amplified with the P1 and P2 primers represented fully edited transcripts. Given the 1:5 ratio of larger to smaller transcripts, the degree of editing of the larger transcripts and the number of clones sequenced we calculate that the probability of not finding an unedited site in 20 P1/P2 amplified clones is ∼50%.
Despite the greater abundance of the smaller transcript in the total RNA population assayed by blot hybridization, in the polysome fraction the two transcripts appear approximately equal in abundance. The larger transcript is therefore more prevalent in the polysome fraction than would be expected. It is possible that the larger transcript carries other genes undergoing translation in addition to nad9, so that each larger transcript remains in the polysome fraction longer than the smaller transcript.
In their previous study of the potato nad9 gene Grohmann et al. reported, based on peptide sequencing data, that only NAD9 proteins corresponding to fully edited transcripts are present in complex I of potato mitochondria (20) . The authors concluded that only fully edited nad9 transcripts were selected for translation (20) . However, considering the low abundance of partially edited nad9 transcripts and the possibility that partially edited transcript-specified NAD9 protein may not assemble efficiently into complex I, even if such transcripts were translated, the proteins could have gone undetected using their approach. Additional analysis of total NAD9 protein using more sensitive approaches, such as epitope-specific antibodies, is required to test whether partially edited nad9 transcripts are expressed at the protein level. If only NAD9 protein specified by fully edited transcripts accumulates in potato mitochondria, exclusion of partially edited transcripts from polysomes is not the explanation. Post-translational degradation or co-translational arrest, as proposed for atp6 transcripts (14) , could prevent protein products of partially edited nad9 transcripts from accumulating.
A correlation between transcript maturation and RNA editing extent has been established for some plant mitochondrial genes. In petunia and maize intron-containing cox II pre-mRNAs are less edited than mature transcripts (17, 18) . Analysis of the maize nad3-rps12 locus, whose transcripts require multiple 5′-and 3′-end processing events, showed that the precursor transcripts are partially edited, while the mature transcripts are almost always fully edited (19) . In petunia a nuclear locus has been identified that specifies both nad3 transcript abundance and RNA editing extent (22) . All these studies provide strong evidence that RNA editing is a post-transcriptional event and that there is a temporal interplay between transcript maturation/turnover and the degree of RNA editing. In this regard it is reasonable to postulate that the larger and smaller nad9 transcripts detected in this study also bear the kind of precursor-product relationship described above.
Extensive characterization of wheat ATP9 and petunia ATP6 proteins has shown that only protein products corresponding to fully edited transcripts accumulate in these two cases (10, 14, 32) . Although in wheat mitochondria partially edited atp9 transcripts are undetectable, in petunia partially edited atp6 transcripts are more abundant than fully edited transcripts. Therefore co-or post-translationally acting mechanisms were proposed to be operating in petunia mitochondria to prevent accumulation of protein encoded by partially edited atp6 transcripts (14) . The association of partially edited atp6 and nad9 transcripts with mitochondrial polysomes suggests that protein products of partially edited transcripts of other mitochondrial genes could be synthesized and be sufficiently stable to accumulate and function. Recent studies indicate that partially edited rps12 transcripts are translated and the protein products accumulate in plant mitochondria (33) (34) (35) . Additional studies will help understand under what conditions protein products of partially edited transcripts can accumulate and the role of differential RNA editing in the expression of higher plant mitochondrial genes.
